We present a method to measure the small-scale matter power spectrum using high-resolution measurements of the gravitational lensing of the Cosmic Microwave Background (CMB). To determine whether small-scale structure today is suppressed on scales below 10 kiloparsecs (corresponding to M ≤ 10 9 M ), one needs to probe CMB-lensing modes out to L ≈ 35, 000, requiring a CMB experiment with about 20 arcsecond resolution or better. We show that a CMB survey covering 4,000 square degrees of sky, with an instrumental sensitivity of 0.5µK-arcmin at 18 arcsecond resolution, could distinguish between cold dark matter and an alternative, such as 1 keV warm dark matter or 10 −22 eV fuzzy dark matter with about 4σ significance. A survey of the same resolution with 0.1µK-arcmin noise could distinguish between cold dark matter and these alternatives at better than 20σ significance; such high-significance measurements may also allow one to distinguish between a suppression of power due to either baryonic effects or the particle nature of dark matter, since each impacts the shape of the lensing power spectrum differently. CMB temperature maps yield higher signal-to-noise than polarization maps in this small-scale regime; thus, systematic effects, such as from extragalactic astrophysical foregrounds, need to be carefully considered. However, these systematic concerns can likely be mitigated with known techniques. Next-generation CMB lensing may thus provide a robust and powerful method of measuring the small-scale matter power spectrum.
I. INTRODUCTION
The evidence for the existence of non-baryonic dark matter is compelling [e.g., 1, 2]. A model in which the dark matter consists of a particle that was non-relativistic when structure was growing in the Universe, results in predictions that match observations of structure today on large scales [e.g., [3] [4] [5] [6] [7] [8] . We generically call such a model "cold dark matter" (CDM). While the predictions of CDM are well matched to observations on scales of 10 kpc or greater, they are a poor match on scales less than 10 kpc [e.g., 9, 10] . Examples of these inconsistencies include: i) the missing satellites problem, ii) the too-big-to-fail problem, and the iii) cusp/core or innermass-deficit problem [e.g., [10] [11] [12] [13] . Together these are termed the "small-scale problems of CDM". In the missing satellites problem, the predicted number density of halos is significantly larger than observed for masses below about 10 8 M [14, 15] . The too-big-to-fail problem refers to the observation that high-luminosity satellites comprising the most massive sub-halos of a Milky-Waysize galaxy are much less abundant than predicted by CDM [16] . For the former problem, one could argue that baryonic physics quenched star-formation, and that those sub-halos actually exist but are dark and currently unobserved. However, it is much harder to make those arguments for the high-luminosity sub-halos (thus the term "too big to fail"). The cusp/core problem arises because CDM predicts singular density cusps in the centers of halos [17, 18] , and observations instead suggest a cored profile in lower-mass systems [19, 20] . While baryonic physics may also resolve this, such a solution is more problematic in systems like dwarf spheroidal galaxies where the baryon fraction is low and dark matter dominates the density [e.g., 11, 21] .
As a result of these apparent failures of CDM on small scales, a number of alternative dark matter models have been suggested that match CDM predictions on large scales, but that deviate from CDM and instead match observations on small scales. These models include warm dark matter (WDM) [22] [23] [24] , fuzzy dark matter (FDM) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , self-interacting dark matter (SIDM) [35] [36] [37] [38] [39] [40] [41] [42] , and superfluid dark matter (SFDM) [43, 44] , to name a few. All of these alternative models suppress structure on small scales. However, determining whether one of these models is the correct description of dark matter faces two main challenges: i) observations of structure on scales below about 10 kpc are either spotty or open to some interpretation [e.g., 34, 45] , and ii) baryonic physics may also suppress structure on small scales enough to match observations [e.g., 11, 46] , making it difficult to determine which scenario is in play.
To address the challenge of robustly measuring structure on small scales, there are a number of promising avenues being pursued:
1.) There are current and planned efforts to search unexplored regions of the Milky Way, to greater depths than achieved before, to find unknown Milky Way satellites. Current efforts using the Dark Energy Survey (DES) data have yielded a number of new dwarf galaxies [47, 48] , and LSST will find many more. A challenging aspect of using this method to probe small scale structure, however, is measuring the masses of these dwarf galaxies. Traditionally, this has required expensive KECK observations to measure the velocity dispersions of the dwarf member stars [49] . Additionally, if a mechanism is quenching star formation in low-mass systems, this method may not provide a complete inventory of small-scale halos.
2.) A similar avenue is to count the number of lowmass galaxies at high redshifts. Since smaller-mass objects are believed to have formed first, a suppression of small-scale structure is most apparent in the past. Using galaxy clusters as lenses to magnify background galaxies, the Hubble Frontier Fields team pursued this approach to constrain alternative dark matter models by the abundance of ultra-faint, high-redshift galaxies [50] . This technique has a number of systematic challenges such as the use of photometric redshifts, uncertainties in the selection function of background galaxies, and estimates of the survey volume [50] . A related approach is to measure the number density of high-redshift gamma-ray bursts to constrain alternative dark matter models [51, 52] . This technique has the challenge of determining the mass of the halo hosting the gamma-ray burst [51, 52] .
3.) Another promising technique is to measure substructure in a galaxy by the strong-lensing features it generates, when that galaxy lenses a background galaxy [53] . This technique is being pursued at optical wavelengths [54] [55] [56] , and also at millimeter-wavelengths using ALMA follow-up observations of lensed starforming galaxies found in CMB surveys [57, 58] . A challenge to this strong-lensing approach is that large samples are required of such lensed systems before robust constraints can be inferred [59] . Such strong-lensing observations are also expensive. However, LSST and other surveys coming online in the next decade can potentially help in this regard.
4.) Tidal debris streams of stars from disrupted satellites in the Milky Way can also probe the population of sub-halos in the Galaxy [15, 60] . The gravitational influence of sub-halos can distort and open gaps in these cold stellar streams [61, 62] . However, tidal streams are most influenced by the most massive sub-halos, which can make measuring small-scale structure challenging [34, 61] . Currently, the signal-to-noise of detected streams is also low; however, upcoming observations from the Gaia satellite should greatly improve this [63, 64] . Lastly, baryonic structures can also distort a stream, making its use as a dark matter probe more complicated [65] .
5.) Lyman-α forest observations, which probe the distribution of neutral hydrogen along the line of sight, are also a probe of small-scale structure [e.g., [66] [67] [68] [69] . Currently, these observations are in apparent tension with alternative dark matter models that explain locally observed small-scale structure suppression [70] [71] [72] . However, the Lyman-α probe relies on a baryonic tracer of dark matter, and questions remain regarding whether the baryons themselves can have power on small scales that is not traced by the dark matter [e.g., 34].
Given the various challenges of the above-mentioned approaches to measuring small-scale structure, it seems warranted to explore alternative techniques. In this work, we present a method to measure the small-scale dark matter power spectrum using high-resolution (≈ 20 arcseconds) CMB lensing measurements. One advantage of this technique is that it probes dark matter directly via gravitational lensing, instead of relying on baryonic tracers. Another advantage is that CMB lensing, on these small scales, is most sensitive to structure at redshifts of 1 to 3. Since lower mass halos formed first, this makes it more sensitive to suppression of small-scale structure than local probes. In this work, we show that CMB lensing has the potential to be a powerful and clean tracer of small-scale structure with high statistical significance and minimal systematic uncertainty. This method may provide a strong complement to the various measurement approaches described above.
To address the issue of distinguishing between a suppression of small-scale structure caused by baryonic physics, as opposed to dark matter alternatives to CDM, we show that the CMB lensing spectrum could potentially have a different shape in the two scenarios. The high signal-to-noise measurements we forecast here could thus favor one suppression mechanism over the other, if any deviation from the CDM expectation is in fact detected.
In section II, we briefly summarize the theory of gravitational lensing of the CMB, and in section III, we discuss potential avenues for obtaining the needed highresolution observations. In section IV, we present statistical forecasts, and in section V, we address potential systematic challenges and their mitigation. We summarize and conclude in section VI.
II. CMB LENSING
CMB photons are gravitationally lensed by matter along their path as they traverse the Universe. The angle by which a CMB photon is deflected is given by the gradient of the projected gravitational potential, d = ∇φ, where d is the deflection field. The projected potential φ is given by
where Ψ(x, χ) is the three-dimensional gravitational potential [73] . Here χ is the comoving coordinate distance, χ s is the comoving coordinate distance to the lastscattering surface, and D A is the comoving angular diameter distance. In a spatially flat universe, D A (χ) = χ. This lensing deflection couples previously uncorrelated Fourier modes of the primordial CMB. We can thus filter maps of the CMB with an estimator that isolates the specific mode coupling lensing induces to recover an estimate of the projected lensing potential [73] [74] [75] [76] [77] [78] .
Taking the power spectrum of the projected potential yields for the case of a spatially flat Universe using the Limberapproximation [78] . We relate P Ψ to P m by
where k is the wave number in units of Mpc −1 , and P m is the matter power spectrum in units of Mpc 3 [78, 79] . This yields
where all the units are in comoving coordinates now, and k ≈ L+0.5 χ . From this we obtain the lensing convergence power spectrum [77] , C κκ L , where
C κκ L is the quantity traditionally measured in CMB lensing surveys [e.g., [80] [81] [82] [83] , although it has not yet been measured on the scales needed to probe small-scale structure, which we discuss further in the next section.
III. HIGH-RESOLUTION CMB EXPERIMENTS
In order to probe small-scale structure by measuring the matter power spectrum, we need to know which scales at early times collapsed to form structures with M ≤ 10 9 M , which are on scales less than 10 kpc today. Considering the epoch of matter-radiation equality, a time when the Universe underwent rapid growth of perturbations, we find that comoving scales of about 150 kpc (k ≈ 10 hMpc −1 ) needed to be suppressed then to suppress structures of M ≤ 10 9 M today [28, 84] . We note that CMB lensing is most sensitive to structures at z ≈ 2 [76] , which is at a comoving distance of χ(z = 2) ≈ 5000 Mpc. Since k ≈ L/χ as in section II, to probe comoving scales of k ≈ 7 Mpc −1 with CMB lensing requires measuring lensing L-modes of L ≈ 7 Mpc −1 × 5000 Mpc = 35, 000. This is an order of magnitude farther in L-modes than CMB lensing surveys have measured to date. We show in Figure 1 the contribution to the lensing power spectrum from structure in different redshift ranges, including non-linear corrections as detailed below. From this we confirm that for L 35, 000, most of the contribution to the lensing power comes from structure between redshifts 1 and 3.
Part of the reason why CMB lensing has not yet probed such small scales is due to the resolution of CMB survey instruments, which have at most of order 1 arcminute resolution [85] [86] [87] . Using the approximation max ∝ π/(resolution in radians), this gives an max ≈ 11, 000. While CMB lensing at any given multipole L is derived from a mix of CMB multipoles , at small scales L is derived primarily from multipoles where ≈ L. Thus, 1 arcminute resolution translates to L max ≈ 11, 000. To achieve an L max ≈ 35, 000, thus requires a resolution of about 20 arcseconds. Such high resolution, at CMB frequencies, has more traditionally been used by the sub-millimeter community, to study, for example, star-forming galaxies, active galactic nuclei, and proto- 
eV FDM 1keV WDM CDM+Baryons planetary systems. In particular, the proposed Chajnantor Sub/millimeter Survey Telescope (CSST) would consist of a 30-meter dish with 18 arcsecond resolution [88] . The Large Millimeter Telescope (LMT) in Mexico is already built and operates at 1.1mm to 4mm with a 50-meter dish, achieving 9.5 arcsecond resolution [89] . As we discuss in the next section, obtaining high-significance measurements of the small-scale matter power spectrum would require putting a CMB camera with the sensitivity of the planned CMB-S4 instrument [90] , on a dish such as the planned CSST or the existing LMT.
IV. STATISTICAL FORECASTS
To forecast how well one can distinguish between the CDM prediction of small-scale power and a suppression of small scale power due to alternative dark matter models or baryons, we first calculate the predicted lensing power spectrum for each scenario. For all calculations below, we assume a fiducial Planck TT + low P cosmology of H 0 = 67.31 km/s/Mpc, Ω b = 0.04904, Ω m = 0.315, n s = 0.9655, and σ 8 = 0.829 [2]. We also assume that dark matter consists of either CDM, WDM, or FDM, for example, and not mixtures of these different types. Figure 2 shows the fractional difference in CMB lensing power spectra between an FDM and a CDM model of dark matter. The FDM model assumes a dark matter mass of m = 10 −22 eV, which is the mass needed to suppress structure below 1 to 10 kpc [28, 34] . eV FDM CDM Figure 4 : Lensing convergence power, C κκ L , compared to noise power, N κκ L , following [96] for different map combinations used in the quadratic estimator for lensing reconstruction. All the noise spectra correspond to an experiment with an 18" beam and 0.1 µK-arcmin noise in temperature. For L's above 10 4 , where most of the signal-to-noise resides when measuring a deviation from CDM on small scales, the TT estimator has lower noise than EB. Figure 9 in the appendix shows N κκ L for TT from simulations using the same quadratic estimator. Simulations pick up excess noise at L 10 4 not modelled in [96] , as detailed in the appendix.
linear predictions, where the non-linear correction was calculated using the halo model as described in [92] [93] [94] . Here, the lensing power spectra, C κκ L , for FDM and CDM are obtained by using the Limber approximation and the equations in section II to integrate the matter power spectrum obtained from the WarmAndFuzzy code [91] . The C κκ L for Figure 1 are obtained in the same way. For the analysis presented in this work, we use power spectra integrated over the redshift range from 0 to 500, shown by the black curve in Figure 1 for the CDM case.
In Figure 3 , we show the fractional difference in lensing power for the 10 −22 eV FDM model compared to CDM, and for a 1 keV WDM model compared to CDM. The lensing power spectrum for the WDM model is also obtained using the WarmAndFuzzy code. The shapes of the lensing power spectra for FDM and WDM are very similar; thus, we will show results for the 10 −22 eV FDM model and view them as applicable to a 1 keV WDM model as well. We also show the fractional difference for a 10 −24 eV FDM model, for reference. Since baryonic effects can also suppress small-scale structure, we show the prediction for one CDM+baryons model using the published P m (k) from [46] , obtained from the OWLS simulations [95] . While this represents just one model of baryonic effects, we note that the shape of ∆C κκ L is markedly different from the fiducial FDM/WDM model. The difference in the shapes of the lensing power spectra may provide a promising way of determining the mechanism of small-scale structure suppression, if any deviation from the CDM prediction is found.
For forecasting, we employ simulations, which we describe in detail in the appendix, to capture the details of the noise covariance matrix. However, to gain qualitative insight, we also calculate the noise power spectra, N κκ L , following [96] , which we show in Figure 4 . Here, the N κκ L are derived assuming a standard quadratic estimator to estimate C κκ L , following [96] . This estimator differs from the estimator of [73] in that it is tailored to measure smaller halo lenses than the original estimator. This is because it takes advantage of the fact that the lensing signal of these smaller halos appears as a perturbation on top of a smooth CMB background gradient [97] [98] [99] . To eliminate biased potential reconstructions of massive halos contributing to the lensing power spectrum, we remove CMB multipoles with > 2000 in the gradient leg of the estimator, as was done in [e.g., 100]. This gradient cut comes at the cost of some signal-to-noise in the power spectrum, but only on large scales that are not relevant to this work. In Figure 4 , we show N κκ L using five different CMB map combinations (TT, EE, ET, TB, and EB), where T, E, and B represent temperature, E-mode, and B-mode CMB maps, respectively. Each of these N κκ L curves shows the noise per mode, assuming 18" resolution (to match the planned CSST), 0.1 µK-arcmin instrumental white noise in temperature, and 0.1 × √ 2µK-arcmin white noise in polarization. The N κκ L are derived Table I : Significance with which an m ∼ 10 −22 eV FDM model can be distinguished from a CDM model, based on observations of high-resolution CMB lensing. Here we vary observed sky fraction, noise levels in temperature, and resolution. The lensing noise power assumes only the TT estimator is used, however, the gain from including other estimators is minimal. For these signal-to-noise ratios, we use the full simulationbased lensing noise covariance matrix detailed in the appendix.
following [96] , where
and
for X, Y ∈ T, E, B. The latter equation is an integral over all CMB modes, 1 , with the constraint that
, c Y , and f XY are defined in [96] . We note that for the small scales investigated in this work, it is likely possible to construct a more optimal maximum likelihood estimator [101] [102] [103] . Here, we use the quadratic estimator described above, and treat our forecasts as potentially conservative.
From Figure 4 , we see that for measuring C κκ L on scales below L ≈ 2000, the EB estimator from polarization maps has the lowest noise. This noise can be further reduced by iteratively delensing the B-mode map, as shown by the dashed curves [104, 105] . However, for probing scales of order L ≈ 10, 000, the TT estimator is better. The reason the TT noise decreases so significantly at small scales is because at these scales the power in the lensing signal dominates over the power in the primordial temperature anisotropy. A similar effect happens for the polarization maps, however at 0.1 × √ 2µK-arcmin noise levels, the CMB signal does not dominate over instrument noise at these scales. As a result, performing the lensing potential reconstruction using temperature maps yields the largest signal-to-noise ratio (SNR). In the forecasts that follow, we assume only temperature maps are used in the lensing reconstruction since including the other estimators only marginally improves the results.
We calculate the SNR with which we could distinguish between CDM and an alternative model for the lensing power spectrum, such as FDM, as Figure 5 . Here, we calculate the signal-to-noise ratio using the N κκ L from Eq. 8 and assume independent L-modes, instead of using the full covariance matrix discussed in the text, to gain qualitative insight.
where
, and C
−1 LL
is an element of the inverted covariance matrix corresponding to row L and column L . For the N κκ L from the quadratic estimator described in [96] , on large lensing scales L traditionally measured, treating each L-mode as independent is a good approximation [106] . However, each L-mode is not independent on the small scales considered here. This is because the primordial background CMB gradient enters as a source of sample variance noise. It may be possible for maximum likelihood estimators under development to utilize knowledge of the background CMB gradient, and remove it as a source of noise in the estimator [101] [102] [103] . However, in this work, we adopt the quadratic estimator in [96] and construct the full noise covariance matrix, including off-diagonal terms, using simulations. We describe the simulations and the construction of the covariance matrix in detail in the appendix.
In Figure 5 , we show as error bars on C κκ L the diagonal terms of the simulation-based noise covariance matrix for TT. Here, we assume a survey of 10% of the sky (4,000 square degrees), at 18" resolution, with 0.5µK-arcmin (grey), and 0.1µK-arcmin (black) white noise levels. Table I shows the SNRs for these two cases, as well as for a survey covering less than 3% of the sky (1,000 square degrees). We limit the CMB-range from 100 to 45,000 since the inclusion of more modes does not make any significant impact on the SNRs. From this we see that a survey covering 4,000 square degrees of sky at a noise level of 0.5µK-arcmin can already detect the difference between 10 −22 eV FDM and CDM with almost 4σ significance. For deeper noise levels of 0.1µK-arcmin, SNRs over 20 can be achieved. With finer resolution, such as 9.5" to match the LMT, SNRs above 30 are possible.
To see which lensing L-modes and CMB -modes contribute most to the SNR, we show in Figure 6 , for lensing L-modes (solid) or CMB -modes (dashed), the SNR as a function of minimum and maximum modes included in the calculation. In this Figure and in Figure 7 , we use the N κκ L from Eq. 8 and assume no off-diagonal terms in the covariance matrix, to gain qualitative insight. Using a full simulation-based covariance matrix gives a similar result, but is more computationally expensive when exploring many -mode ranges. In Figure 6 , the lower bounds are fixed to /L = 100, when the upper bounds are varied, and the upper bounds are fixed to /L = 45, 000 when the lower bounds are varied. This is shown for the fiducial case of 0.1µK-arcmin noise and 18" resolution. The SNR stops increasing at around /L = 30, 000, consistent with the rise in the noise curves shown in Figure 4 . The SNR only starts increasing significantly when /L = 10, 000, which is the multipole where the 10 −22 eV FDM C κκ L makes a notable deviation from that of CDM, as seen in Figure 5 . To further identify which -modes contribute to the SNR, we divide the -range into bins of width ∆ = 500. For each bin, we es-timate the noise curve N κκ L using just the -modes from that bin, and calculate the SNR. This is shown in Figure 7 , for the 0.1µK-arcmin (solid) and 0.5µK-arcmin (dashed) cases shown in Figure 5 . We note that this process of dividing into bins recovers 49% and 46% of the total SNR for the 0.1 and 0.5µK-arcmin cases, respectively. The reason it is not 100% is because we are not allowing L modes derived from 1 and 2 pairs spanning two bins. We see that as the noise level decreases, more of the SNR comes from higher -modes. We also find from Figures 6 and 7 that most of the SNR comes from -modes where ∈ (10, 000, 30, 000), with a peak at ≈ 20, 000 for 0.1µK-arcmin noise. For 0.5µK-arcmin noise, the SNR is mostly from ∈ (5, 000, 25, 000) and peaks at ≈ 9, 000.
V. SYSTEMATIC CONSIDERATIONS
There are a number of potential systematic effects that need to be considered when measuring the lensing power spectrum in this uncharted, small-scale regime. These systematic effects include biases from Galactic and extragalactic foregrounds, mis-subtraction of the Gaussian bias term of the lensing power spectrum, and additional mode-coupling signals that may contaminate the lensing signal when we measure the CMB with instrumental noise levels as low as about 0.1µK-arcmin.
Gaussian Noise Bias: Gaussian noise arising from the primary CMB is present when one reconstructs the lensing potential. Calculating the power spectrum of that reconstruction, thus results in a large bias to the lensing power spectrum, usually called N 0 bias [73] . A key to accurately subtracting off this bias is employing simulations that match the data to within about 10% in power [107, 108] . For measuring the lensing power spectrum on scales an order of magnitude smaller than achieved to date ( ∼ 30, 000), it is not realistic to assume that any simulations will match the data to that level of accuracy. The reason is that the small-scale matter power spectrum can vary by more than 10% if the dark matter structure is suppressed on small scales, either by baryonic effects or by a model of dark matter alternative to CDM, as shown in Figure 3 . Instead, however, one can employ an alternative approach to characterizing the Gaussian bias, which entails randomizing the phases of the Fourier transforms of the CMB maps, prior to reconstructing the projected dark matter, as done in [80] . This phase randomization destroys any non-Gaussian lensing correlation between modes, while preserving the Gaussian bias term we want to subtract. We leave to future work the demonstration of this technique using high-resolution simulations.
Foregrounds: As discussed above, the SNR is largest when using CMB temperature maps, as opposed to polarization maps, to reconstruct the projected dark matter potential on multipoles of L ∼ 30, 000. As a result, one needs to pay special attention to the impact of astrophysical foregrounds, such as the thermal Sunyaev-Zel'dovich (SZ) signal from galaxy clusters, the microwave emission from AGN and star-forming galaxies, and the kinetic SZ effect from the velocity field of the dark matter [e.g., 109]. These foregrounds are significant in CMB temperature, whereas they are minimal in polarization. They also contribute a non-Gaussian signal that can bias the lensing power spectrum [110] . Fortunately, the aim here is to probe such small scales that we can filter out scales with l < 5, 000 and loose little signal-to-noise, while removing the bulk of the thermal SZ signal and the signal from the clustering of galaxies. In addition, one can use multi-frequency observations of the CMB to remove the thermal SZ signal and the emission from our Galaxy and other galaxies, from CMB temperature maps. To deal with the kinetic SZ effect foreground, which has no frequency dependence, one can exploit the fact that the lensing signal on such small scales is correlated with the background CMB gradient, whereas the kinetic SZ effect is not. This is because the small-scale lensing signal distorts the background gradient, and the strength of this distortion is proportional to the strength of the gradient [96] [97] [98] [99] . This separation technique was introduced in [111] as a way to remove the "lensing contaminant" from measurements of the kinetic SZ effect.
Other Mode-coupling Signals: When CMB instrumental noise levels are as low as about 0.25µK-arcmin, a potentially limiting factor to the perfect reconstruction of the lensing field is that the lensing field also has some rotation. This rotation arises because there is more than one lens plane and because the lensing is not perfectly weak, making the first-order Born approximation inexact [e.g., 112, 113] . The Born approximation is when the lensing deflections are computed along the unperturbed photon path, as opposed to the perturbed photon path. Since the lensing field has some rotation, which we call "curl" mode-coupling, the concern is that this mode-coupling will "leak" into the lensing convergence mode coupling we are interested in isolating. However, one can reconstruct both the convergence and curl mode coupling separately, which will result in a linear system of two equations and two unknowns (the unknowns being the convergence and curl contributions to each reconstruction). Employing a "bias-hardening" technique, one should be able to diagonalize the system of equations and isolate the convergence piece [114] .
We leave a more complete study of the mitigation of these potential systematic effects described above to future work.
VI. DISCUSSION
We have shown that very high-resolution CMB lensing measurements have the statistical potential to provide high-significance measurements of the small-scale matter power spectrum. We have also identified the primary systematic effects of concern for this measurement, as well as ways to mitigate them. A more complete study of systematic effects applicable to this technique is left to future work.
A similar measurement of the small-scale matter power spectrum might be possible using galaxy shear information either through cosmic shear measurements or cross-correlations between CMB lensing, galaxy shear, and galaxy counts. Since for the same angular scale on the sky, sources and tracers at lower redshifts probe smaller scales in the 3-dimensional matter power spectrum, and since existing and planned galaxy surveys like LSST already have the resolving capability for L ∼ 30, 000, such measurements could have more statistical significance than the CMB lensing approach presented here. However, one complication is correlated modes on these small scales arising from, for example, pointspread-function uncertainties. In the case of CMB lensing, realization-dependent N 0 subtraction, as we discuss in the appendix, minimizes the correlation between modes. In addition, complications arising from imperfect shear measurement, blending of galaxies, and photometric redshift uncertainty make such measurements challenging from a systematics perspective. We leave further consideration of the potential for smallscale galaxy lensing to future work.
Realizing the potential of high-resolution CMB lensing would yield the advantage that small-scale structure would be probed i) directly via gravitational lensing, ii) at relatively high-redshifts (z ≈ 1 − 3) where a deviation from CDM is clearer, iii) with high statistical significance, and iv) and with potentially minimal systematic uncertainty. With such a measurement, one could robustly determine whether structure is suppressed at small scales, in deviation from the dark-matter-only CDM prediction. If such a deviation is found, one could also potentially distinguish between a baryon-induced suppression or a suppression arising due to the particle nature of dark matter. The instrumentation required for such a measurement, both the needed dish size and camera sensitivity, are within reach of a future generation of ground-based CMB experiments. High-resolution CMB lensing may provide a powerful and robust approach to measuring the small-scale matter power spectrum, informing both baryonic physics and the nature of dark matter. improves the covariance properties of the noise matrix. In the top panel of Figure 8 , we show the correlation coefficients of the band-powers of the CMB lensing reconstruction if no N 0 bias were subtracted from the lensing power spectra (or equivalently, if a mean simulated N 0 bias that did not change from realization to realization were subtracted). Bandpowers with L > 5000 become almost completely correlated, signaling almost complete loss of information above this scale. This correlation is expected in the high-L limit of the quadratic estimator (see e.g. [102, 103] ). However, as seen in the bottom panel of Figure 8 , the correlation coefficients are much smaller if the N 0 bias is subtracted in the realization-dependent manner described above. Here, bandpowers are now only significantly correlated in a relatively small L-range of 5, 000 < L < 12, 000.
In Figure 9 , we show the diagonal terms of the noise covariance matrix after N 0 bias subtraction, i.e., the variance of the CMB lensing bandpowers. We find that the diagonal variance from simulations is larger than that predicted from the N κκ L of Eq. 8, and cannot be accounted for by the next-order N 1 contribution, which we calculate using simulations following [108] . The excess variance is likely due to higher-order lensing corrections captured by our simulations. While the residual covariance and excess in diagonal variance might be mitigated by improved lensing estimators, our forecasts in Table I use the full covariance matrix from simulations, with realization-dependent N 0 subtraction, described above. Lensing bandpowers from simulated lensing reconstructions. The blue circles are the binned cross-spectrum of the input lensing convergence map and the corresponding reconstruction. The black solid line is the theory spectrum used to generate the input lensing maps. The red dashed line is the predicted total power in the map (i.e. the sum of C κκ L and a theory estimate of N κκ L from Eq. 8). The orange circles are the binned, simulation-based lensing power spectrum with no N 0 bias subtraction. The green triangles are the variance in the power obtained directly from the diagonal terms of the covariance matrix of the power spectra of the reconstructions after a realization-dependent N 0 subtraction has been performed. 
